First-principles calculations based on density-functional theory are used to investigate the effects of hydrogenation on the structural, vibrational, thermal and electronic properties of the charge density wave (CDW) phase of single-layer TiSe 2 . It is found that hydrogenation of single-layer TiSe 2 is possible through adsorption of a H atom on each Se site. Our total energy and phonon calculations reveal that a structural phase transition occurs from the CDW phase to the T d phase upon full hydrogenation. Fully hydrogenated TiSe 2 presents a direct gap semiconducting behavior with a band gap of 119 meV. Full hydrogenation also leads to a significant decrease in the heat capacity of single-layer TiSe 2 .
Introduction
After the discovery of graphene, [1, 2] two-dimensional (2D) materials have aroused considerable interest in recent years. The family of synthesized 2D crystals is rapidly expanding by the aid of improved experimental techniques. Over the past few years, vast number of 2D materials such as hexagonal boron nitride, [3] [4] [5] silicene, [6, 7] transition metal dichalcogenides (TMDs), [8] [9] [10] [11] [12] [13] transition metal trichalcogenides (TMTs), [14] [15] [16] were synthesized in few-layer and even single-layer forms. Among these materials, TMDs became the focus of interest due to their wide variety of chemical compositions and their electronic and optical properties.
TMDs exhibit desirable electronic properties, such as high carrier mobility, [17, 18] low effective mass, [19] layer-dependent tunable band gap, [20] and direct-to-indirect band gap crossover [9, 21] . Different d-electron counts of metal atoms in TMDs, results in a range of electronic properties including metallic, insulating, semiconducting and even superconducting.
TMDs have a lamellar crystal structure where the layers are held together by weak van der Waals (vdW) forces, while the metals and chalcogens are covalently bonded within the layer. The large family of TMDs presents promising materials for the design of field-effect transistors, light harvesting devices, ultrasensitive chemical sensors, and flexible electronic devices.
One of the recently synthesized single layer TMDs is TiSe 2 [22] . TiSe 2 has an octahedral crystal structure with vdW stacked layers. Although there are several experimental studies to determine whether the electronic structure of bulk TiSe 2 is semiconducting or semimetallic, the exact electronic structure of it remains controversial. Among TMDs, bulk TiSe 2 has sparked particular attention due to its (2×2×2) charge-density-wave (CDW) transition with periodic lattice distortions at a critical temperature T C ∼202 K [23] . CDW transition has been extensively studied in several 2D TMDs, recently. For instance, layered TaS 2 , [24] TaSe 2 [25] and NbSe 2 [26] have been synthesized and their transition temperatures to the CDW phase have been reported. CDW phase in the single layer form of TiSe 2 is more robust than that of bulk with an elevated T C ∼232 K [27] . The transition is attributed to band structure effect stemming from energy minimization. Angle-resolved photoemission spectroscopy (ARPES) measurements show that single-layer TiSe 2 has a temperature-tunable small band gap at room temperature and the gap increases with decreasing temperature [27] . Fang et al showed that distortions of Ti and Se atoms in the CDW phase of TiSe 2 are related to their atomic mass ratio [28] .
To functionalize 2D materials, many strategies have been proposed, such as applying strain, [29, 30] fabrication of their nanoribbons, [31, 32] implanting impurities and vacancies [33, 34] . For example, Nair et al synthesized fluorographene by exposing of graphene to atomic F [35] . It was found that fluorographene is an insulator with an optical gap of 3 eV. Produced fluorographene shows similar mechanical properties with graphene. Sahin et al have reported possible chlorinated graphene derivatives [36] . It was found that two-face chlorinated graphene is stable and it is a direct gap semiconductor [36] . Hydrogen is commonly used to functionalize 2D materials. For example, Elias et al have found that compared to pristine graphene, the electronic properties of hydrogenated graphene (graphane) change drastically [37] . Moreover, it was shown that the reaction with hydrogen is reversible, thus distinctive properties of graphene can be restored. In the recent study of Bacaksiz et al, the interaction between H atom and PbI 2 surface was studied [38] . It was reported that (2×1) and (2 × 2) JahnTeller type distortions occur for the half-hydrogenated and full hydrogenated PbI 2 , respectively. These reconstructions lead to significant modifications on the electronic and magnetic properties of the material.
Motivated by these studies, in this paper, structural, phononic, thermal and electronic properties of pristine and fully hydrogenated single-layer TiSe 2 were studied by using density functional theory (DFT) based calculations. It was found that TiSe 2 has a distorted CDW phase in its ground state. The phase transition from distorted CDW phase to T d phase is observed via hydrogenation of TiSe 2 . In addition, the effect of hydrogenation on the characteristic properties of single-layer TiSe 2 was investigated.
Computational methodology
First principle calculations were performed using the spinpolarized DFT and the projector augmented wave [39, 40] method, as implemented in the Vienna ab initio Simulation Package [41, 42] . The electronic exchange-correlation potential was treated within the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [43] . For a better approximation of band gap values underestimated by PBE functional, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional was also used [44] . In the HSE06 approach, the fraction of the Hartree-Fock exchange and the screening parameter were set to α=0.25 and 0.2 Å −1 , respectively. The conjugate gradient algorithm was used to optimize the structure. A plane-wave basis set with kinetic energy cutoff of 400 eV was used for all the calculations. The convergence criterion for energy was taken to be 10 −5 eV between two consecutive steps. All the structures were fully optimized to minimize each component of the interatomic Hellmann-Feynman forces until a precision of 10
was reached. To hinder interactions between the adjacent cells, at least 12 Å vacuum space was used along the z-direction. The vdW correction to the GGA functional was included by using the DFT-D2 method of Grimme [45] . Brillouin Zone integration was performed using 12×12×1 and 18×9×1 Γ-centered k-point meshes for the the density of state calculations of pristine and fully hydrogented TiSe 2 , respectively. Phonon calculations were performed by making use of the small displacement method as implemented in the PHON code [46] .
Pristine TiSe 2

Structural properties
A single-layer TiSe 2 consists of stacked Se-Ti-Se atomic layers. Ti and Se atoms are strongly bound within the layer. Recent ARPES and scanning tunneling microscopy measurements revealed that single-layer TiSe 2 exhibits a (1×1) 1T phase at room temperature and a (2×2) CDW phase at low temperatures [22, 47] .
The optimized atomic structures of 1T and CDW phases of TiSe 2 are shown in figure 1(a) . The lattice parameters of the optimized crystal structures of (1×1) 1T and (2×2) CDW phases are 3.50 and 7.00 Å, respectively. 1T phase belongs toP 3 m1 space group, with an hexagonal Bravais lattice. The bond distance between Ti and Se atoms for 1T phase is 2.55 Å. On the other hand, CDW phase exhibits periodic lattice distortions and Ti-Se bond lengths vary from 2.49 to 2.63 Å. There are two types of Ti (Se) atoms in the unit cell. While one of Ti (Se) remains fixed, the other is displaced to form the lattice distortions. Fixed and displaced Ti (Se) atoms in the unit cell are labeled as Ti f (Se f ) and Ti d (Se d ), respectively (shown in figure 3(a) ). Proportional magnitudes and directions of atomic displacements of displaced Ti and Se are shown by dark blue and orange vectors in figure 1(a). The calculated atomic displacements of Ti and Se atoms are 0.09 Å and 0.03 Å, respectively. To determine the most favorable structure of single-layer TiSe 2 , the total energies of 1T phase and CDW phase for the same number of atoms are calculated. It is found that CDW phase is energetically the most favorable structure, which has 4 meV lower energy per formula unit than the 1T phase.
Phononic properties
Vibrational properties are critical for the analysis of dynamic stability of a material. The phonon dispersions of 1T and CDW phases of single-layer TiSe 2 are shown in figures 1 (b) and (c), respectively. The unit cells of 1T and CDW phases consist of 3 and 12 atoms, respectively. Therefore, the phonon dispersion of the 1T phase yields 3 acoustic and 6 optical modes, whereas that of CDW phase possesses 3 acoustic and 33 optical modes. The force constant matrix is calculated by displacing atoms from their equilibrium positions in 6×6×1 and 3×3×1 supercells for the (1×1) 1T and (2×2) CDW phases, respectively.
Figure 1(b) shows that 1T phase is dynamically unstable with a Kohn-type soft phonon mode at the M high symmetry point [48] . In order to further understand the instability of the 1T phase, atomic displacements of the soft phonon mode are shown in the inset of figure 1(b) . It is seen that the mode responsible for the instability of the 1T phase is due to inplane motion of Se atoms towards to Ti-Ti bonding center. Imaginary eigenfrequencies at the M high symmetry point indicate the lack of required restoring force against the motion of Se atoms towards to Ti-Ti bonding center, and they can be cured by a structural phase transition from 1T phase to CDW phase. As seen from figure 1(c), phonon spectra of (2×2) CDW phase have positive eigenfrequencies in the whole Brillouin Zone that indicate the dynamical stability of the CDW phase. As seen in figure 1(c) , distortions of the CDW phase lead to almost flat phonon bands near the 200 cm . It is known that materials with hexagonal (or trigonal) crystal symmetry exhibit linear crossing phonon branches at the K high symmetry point. As clear from figure 1(a), despite the distorted structure, trigonal symmetry of the CDW phase is protected. Therefore, phonon dispersion of the CDW phase exhibits the linear crossing at the K * high symmetry point (shown in figure 1(c) ).
In addition, partial phonon density of states of 1T and CDW phases are also shown in figure 1. For both phases, the low-frequency modes, below 100 cm vibrations of the Ti and Se atoms. The medium-frequency modes, 100-200 cm −1 , are dominated by vibrations of the Se atom, whereas the high-frequency modes, above 200 cm −1 , are mainly composed of vibrations of the Ti atom, since atomic mass of Se is higher than Ti.
Electronic properties
The electronic band structure and partial density of states (PDOS) of CDW phase of single-layer TiSe 2 are shown in figure 2 . The band gap of TiSe 2 is calculated to be 25 meV by using the PBE approximation. Since the bare PBE functional usually underestimates the band gap of semiconducting materials, the HSE06 functional is used to get a more precise band gap. Therefore, TiSe 2 is found to be a direct gap semiconductor with a band gap of 319 meV with HSE06 functional. The valence band maximum (VBM) and conduction band minimum (CBM) reside at the Γ point, as shown in figure 2 . The calculated electronic band structure within HSE06 agrees well with previous experimental and theoretical results [22, 27] .
Previous studies showed that p-d orbital hybridizations play an important role in determining the electronic and structural characteristics of 4d-TMDs [49] . Therefore, these orbital interactions deserve considerable attention to determine exact electronic structure of single-layer TiSe 2 . Calculated PDOS reveals that the CBM is made up of the t 2g (d xy , In 4d-TMDs (such as (1×1) 1T phase of TiSe 2 ) Ti atoms can interact with each other through intermetal t 2g orbitals. Due to weak coupling of these orbitals, t 2g states are mostly located near the Fermi level, with no energy gap.
Differing from the (1×1) 1T phase, periodic lattice distortions of the (2×2) CDW phase lead to increase in the intermetal t 2g orbital interactions. Furthermore, excess electrons of Se atoms lead to attractive interaction in the t 2g -p orbitals. Therefore, Se atoms are exposed to a force towards to Ti-Ti bonding center and occupied p states of the Se atom shift to lower energies. As a result, CDW phase transition has a significant effect on the electronic structure and leads to opening of a band gap in TiSe 2 .
Interaction with a single H atom
Structural and electronic properties
Understanding of the adsorption properties of a single H atom on TiSe 2 is crucial to the investigation of its hydrogenated derivatives. We simulate the adsorption of a H atom on a CDW phase of single-layer TiSe 2 by considering six inequivalent adsorption sites, as illustrated in figure 3(a) figure 3(b) , the adsorbed H atom modifies the local atomic structure around it. The nearest Se-Ti bonds to the adsorbed atom are increased from 2.49, 2.56, and 2.63 Å to 2.63, 2.63, and 2.64 Å, respectively. The distance between H and Se atoms is 1.48 Å.
Energy-band dispersion and PDOS of a H atom-adsorbed single-layer TiSe 2 are shown in figure 3(c) . When single H atom is adsorbed on TiSe 2 , the structure becomes metallic. Although H atom has a major effect on the electronic structure of TiSe 2 , the states originating from H atom reside at deep energy levels, as shown in figure 3(c) 
Full hydrogenation
Structural and phononic properties
Following the analysis of the adsorption of a H atom on CDW phase of TiSe 2 , modifications of structural, electronic, phononic and thermal properties of TiSe 2 upon full hydrogenation are investigated. To construct a fully covered structure the most favorable position of an isolated H atom is used. Therefore, fully hydrogenated TiSe 2 , with each H atom resides on top of a Se atom is investigated.
It is found that through full hydrogenation, TiSe 2 experiences a structural phase transition from CDW phase to T d phase. Figures 4(a) and (b) show top and side views of the optimized atomic structure of fully hydrogenated single-layer TiSe 2 (fH-TiSe 2 ). T d phase has a rectangular unit cell with calculated lattice constants of a=3.61 Å and b=6.50 Å. The unit cell of fH-TiSe 2 is composed of two Ti, four Se, and four H atoms. The hydrogenation of each Se atom leads to a reduced interaction between Ti and Se atoms. Therefore, transition metal atoms get closer and form separated zig-zag chains. Ti-Ti bond distance in the zig-zag chain is calculated to be 3.12 Å. The bond distance between Ti and Se atom is in the range of 2.48-2.76 Å. Due to reduced symmetry of the T d phase, there are two different Se atoms: outer-Se and inner-Se. H atoms reside on top of these Se atoms. The bond length between outer-Se (inner-Se) and H atom is 1.53 (1.49) Å. The calculated average binding energy of a H atom is 2.55 eV, which is much higher than the binding energy of a H adsorption case. Phonon dispersion and partial phonon DOS of the fH-TiSe 2 are shown in figure 4(c) . 4×2×1 supercell is used for the phonon calculations of fH-TiSe 2 . It is found that fully hydrogenated TiSe 2 has real vibrational eigenfrequencies in the whole Brillouin zone and hence fH-TiSe 2 is dynamically stable. The unit cell of fH-TiSe 2 consists of 10 atoms, consequently it possesses 30 phonon bands, 3 acoustic and 27 optical. As mentioned above, hydrogenation of TiSe 2 induces a significant structural transition from CDW phase to T d phase. Comparison between the phonon calculations of pristine and fully hydrogenated TiSe 2 shows significant differences. Unlike the pristine case, the high-frequency optical modes of fH-TiSe 2 are separated from the low-frequency modes by a gap of 42 cm −1 . Full hydrogenation causes to presence of optical phonon branches at quite high frequencies. It is seen from the right panel of figure 4 (c), above 350 cm −1 the phonon partial DOS almost entirely consists of vibrations of H atoms.
In figure 4 (c) the atomic displacements of possible Raman active modes are also presented. The low frequency characteristic Raman-active mode at 129 cm −1 corresponds to an in-plane (E g like) a counter-phase motion of top and bottom Se and H layers (parallel to the  a). The Raman-active mode with frequency of 180 cm −1 corresponds to a mixed in-plane and out-of-plane (A g like) counter-phase motion of top and bottom Se and H layers (parallel to the  b ). However, the character of the phonon mode at 253 cm −1 is mostly in-plane and while Se atoms stay fixed, Ti and H atoms move in opposite directions to each other (parallel to the  b ). The phonon modes at 400 and 416 cm −1 correspond to in-plane counter-phase motions of top and bottom H layers (parallel to the  b and  a, respectively). As can be seen from the figure 4(c), the high-frequency modes at 1916 and 2216 cm −1 are Se-H stretching modes.
Heat capacity
The thermal properties of ultra-thin materials can be investigated through the calculation of heat capacity (C v ). It is known that contribution of free conduction electrons to the heat capacity of ultra-thin materials is negligible. Hence, the heat capacity is constituted almost entirely from lattice vibrations of the material. In this part we discuss the effect of hydrogenation on the heat capacity of TiSe 2 . The heat capacities of 1T, CDW phases and fully hydrogenated TiSe 2 as a function of temperature are shown in figure 5 . Previously, it was shown that hydrogenation of ultra-thin materials leads to an increase in the heat capacity of the materials [50] . However, as seen from figure 5 , the heat capacity of fully hydrogenated TiSe 2 is always lower than the heat capacity of 1T and CDW phases of TiSe 2 for all temperatures. Decrease in the heat capacity is attributed to the phonon band gap observed at relatively low frequencies (between 180 and 222 cm −1 ). It is known that the heat capacity is closely related with the phonon DOS of the material. Lack of phonon DOS at the phonon band gap lead to decrease in the heat capacity of the material. At room temperature, C v of 1T and CDW phases are equal to 2.82 k B /atom, whereas C v of fH-TiSe2 is 2.27 k B /atom. At 1500 K, the heat capacity for 1T and CDW phases of TiSe 2 approach the value of Dulong-Petit law C v =3NR, where R is the universal gas constant and N is the number of atoms per unit cell. However, the heat capacity for fH-TiSe 2 approaches to this value at higher temperatures. Calculated Debye temperature values of 1T, CDW phases and fH-TiSe 2 are 335, 341, and 1378 K, respectively.
Electronic properties
The electronic band dispersions and PDOS obtained by using HSE06 functional of fH-TiSe 2 are shown in figures 6(a) and (b), respectively. It is found that hydrogenation of single-layer TiSe 2 leads to reduction in the energy band gap. Band gap of fully hydrogenated TiSe 2 is calculated to be 119 meV when figure 6(b) , near the Fermi level the contribution comes from t 2g orbital of Ti atom is increased by hydrogenation, while p orbital contribution of Se atom is decreased. Compared to the pristine case, decreased overlap of PDOS peak positions and shapes of t 2g orbitals of Ti atom and p orbitals of Se atom exhibit weak coupling of these orbitals through hydrogenation. This weak coupling can be attributed to the weakening of the bonds between the Ti and Se atoms due to the binding of H atoms to each Se atom. Therefore, Ti atoms are released, they move toward to each other. This leads to a structural phase transition from the CDW phase to the T d phase.
Conclusions
In summary, the structural, phononic, thermal, and electronic properties of pristine and hydrogenated single-layer TiSe 2 were investigated within first-principles DFT calculations. It was found that the periodic lattice distortions in the CDW phase provide the stability of the layer. Our calculations showed that experimentally fabricated low temperature phase (CDW phase) of TiSe 2 has an HSE06-calculated direct band gap of 319 meV.
In addition, adsorption of one H atom on the CDW phase of TiSe 2 was investigated. Preferred adsorption site, binding energy and electronic properties of single-H adsorbed CDW phase of TiSe 2 were determined. Moreover, our calculations revealed a structural transition resulting from the rearrangement of the Ti atoms after full hydrogenation of single-layer TiSe 2 . The fully hydrogenated TiSe 2 prefers T d phase which exhibits Ti-Ti dimerization along one of the lattice parameters. Structural stability of the fully hydrogenated TiSe 2 was confirmed by calculated phonon spectra of the layer. Direct electronic band gap of the material decreased to 119 meV upon full hydrogenation. Furthermore, it was found that full hydrogenation of TiSe 2 leads to a dramatic decrease in the heat capacity. Single-layer TiSe 2 with robust semiconducting character, sensitive thermal properties, and hydrogenationinduced structural transition is highly desired material for nanoscale device applications. 
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